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MetalMetal--Insulator Transition in OxidesInsulator Transition in Oxides
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Structural + Electronic transition in VOStructural + Electronic transition in VO22

MonoclinicMonoclinic InsulatorInsulator

T < 340 KT < 340 K

Rutile Rutile 

T > 340 KT > 340 K

MetallicMetallic

OO

VV



VOVO2 2 : History: History

Band insulator?Band insulator?
J.B. Godenough Phys. Rev. 117, 1442 (1960)

Wentzcowitch et al.  Phys. Rev. Lett. 72, 3389 (1994) (LDA calc.)
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VOVO2 2 : History: History

c axis

a axis

MottMott--Hubbard insulator?Hubbard insulator?
A. Zylbersztejn and N. Mott Phys. Rev. B 11, 4383 (1975)

S. Shin et al. Phys. Rev. Lett. 41, 4993 (1990)

Pouget et al. Phys. Rev. B 10, 801 (1974); Phys. Rev. Lett. 35, 873 (1975) (NMR)
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VOVO2 2 : Photo: Photo--induced phase transition induced phase transition 

Temperature driven: strongly first orderTemperature driven: strongly first order

>> kT

T < T < TTcc T ˜  T ˜  TTcc

PhotoPhoto--inducedinduced

h ν
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VOVO2 2 : Optical non: Optical non--linearitieslinearities

MottMott--Hubbard insulatorsHubbard insulators

June 22, 2000June 22, 2000

VOVO22

Courtesy of Jeff Squier, UC San Diego
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Questions: photoQuestions: photo--induced phase transitioninduced phase transition

How fast are How fast are electrical electrical and and structuralstructural transitions?transitions?

What What distortionsdistortions initiate the initiate the structuralstructural transition?transition?

How are the two transitions related ?How are the two transitions related ?



Insulator to Metal: How fast?Insulator to Metal: How fast?

CCD 1
reflectivity

CCD 2
transmission

microscope 1

sample

pump pulse

probe pulse

microscope 2

R
ef

le
ct

iv
ity

Position (µm)

0.2

0.3

-150 -100 - 50 0

5

15

25

F
lu

en
ce

 m
J/

cm
2

Pump profile

Insulator

Metal

-100 fs

200 fs

0.5 ps8 ps5 ns



Insulator to Metal: Temperature driven?  Insulator to Metal: Temperature driven?  
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Grazing 
incidence
Micro-focus

PumpPump--probe setup: V0probe setup: V022
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XX--ray Focusingray Focusing

X-ray source

Elliptical surfaces

with graded Bragg coating

2000 photons / shot2000 photons / shot

Spot diameter = 54 Spot diameter = 54 µµmm



Monoclinic toMonoclinic to RutileRutile (110): How fast ?(110): How fast ?
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Monoclinic to Monoclinic to RutileRutile

X-rays 
˜  3000 nm

Metallic phase 
˜  40-60 nm

0 1 2 3

0.01

0.02

0.03

delay (ps)

470 ± 160 fs 

A. Cavalleri et al. Phys. Rev. Lett 87, 237401 (2001)

üüFemtosecond Femtosecond SolidSolid--Solid Transition ! Solid Transition ! 



Optical Optical vs vs Structural RateStructural Rate
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Optical Phonons drive the Transition Optical Phonons drive the Transition 

k ~ 2 10k ~ 2 105 5 cmcm--11

Long-range order change

ττ ~ 1~ 1 psps

Optical phonons

ka

ν
~~ THzTHz

~ 100 GHz~ 100 GHz
ka ~ 6 10ka ~ 6 10--3 3 



Optical Phonons drive the Transition Optical Phonons drive the Transition 

Ramakant Srivastava, L.L. Chase, Phys. Rev. Lett.  727, 27 (1971)
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Raman Excitation?Raman Excitation?

ττpulsepulse < < ττphononphonon

ττpulse pulse = 50 = 50 fsfs

ττph1 ph1 = 180 = 180 fsfs

Laser Phonon

ττpulse pulse = 500 = 500 fsfs

ττpulsepulse > > ττphononphonon

Laser Phonon

ττph2 ph2 = 55 = 55 fsfs



Sensitivity to shortSensitivity to short--range dynamicsrange dynamics

Sensitivity to Light Elements (Oxygen)Sensitivity to Light Elements (Oxygen)

Measurement of shortMeasurement of short--range structurerange structure

Needed: measurement of unit cell dynamicsNeeded: measurement of unit cell dynamics



Quantum Interference: EXAFSQuantum Interference: EXAFS

Isolated AtomIsolated Atom
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MetalMetal--Insulator Transition: NEXAFSInsulator Transition: NEXAFS
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Abbate et al. Phys. Rev. B 43 (1991)

ddxyxy

σ

σ∗ σ∗

σ

ππ bandsbands
ddxzxz,,yzyz

σσ bandsbands
ddzz

22 ddxx
2 2 

--yy
22



d

π∗
hhνν

What are we after? What are we after? 

Manipulate excitation  Manipulate excitation  

IRIR

Probe electronic and structural transitions Probe electronic and structural transitions 
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Transition Metal Oxide Spectroscopy: SourceTransition Metal Oxide Spectroscopy: Source

üüBroadbandBroadband

üüSoft xSoft x--rays (electrons) rays (electrons) 

K edge (250 K edge (250 eV eV -- 1 1 keVkeV))

L edge (400 L edge (400 eV eV -- 4.5 4.5 keVkeV))
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L edge L edge vs vs K edgeK edge

LaserLaser

~ 50 nm~ 50 nm

~ 50 nm~ 50 nm

XX--raysrays
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üü100 100 fsfs or shorter, synchronized to laseror shorter, synchronized to laser

Ideal xIdeal x--ray sourceray source

180 180 fsfs

50 50 fsfs

10 10 fs fs -- 500 500 fs fs 

•• Average HeatingAverage Heating

•• Sample recovery ~ 1 Sample recovery ~ 1 µµsecsec

üüRep rate:  1 Hz Rep rate:  1 Hz -- few tens of KHz  few tens of KHz  

?? ??
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Zholents and Zolotorev, Phys. Rev. Lett., 76, 916,1996.

TunableTunable femtosecondfemtosecond XX--rays at the ALSrays at the ALS



Calculated
Electron Density 

Distribution
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Schoenlein et al., Science, 287,2000

Fs Pulses of Synchrotron RadiationFs Pulses of Synchrotron Radiation



Static Reflectivity EXAFS: PreliminaryStatic Reflectivity EXAFS: Preliminary
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Needed: transmission sampleNeeded: transmission sample

VO2 ~ 50 nm

Si3 N4 ~ 200 nm

Si

etching

CCD
Imaging +
GratingVOVO22

synchrotron laser



Apparatus requirementsApparatus requirements

üüFlux requirements  Flux requirements  
EXAFS (S/N ~10)EXAFS (S/N ~10) 10104 4 photons / 0.1 % BWphotons / 0.1 % BW

EXAFS (S/N ~ 100)EXAFS (S/N ~ 100) 10106 6 photons / 0.1 % BWphotons / 0.1 % BW

Detected photons / time pointDetected photons / time point

Minutes to few hoursMinutes to few hours
for whole experimentfor whole experimentNEXAFSNEXAFS

üüSpectrometer Resolution  Spectrometer Resolution  

EXAFSEXAFS ~ 2 ~ 2 eVeV

< 500 < 500 meVmeV



ConclusionConclusion

üüPhotoPhoto--induced phase transitions are induced phase transitions are ultrafastultrafast
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??
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üüRole of distortions in the electronic transitionsRole of distortions in the electronic transitions

üüFemtosecond Femtosecond xx--ray absorption spectroscopy ray absorption spectroscopy 
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